Multistage fracturing of horizontal wells to form a complex fracture network is an essential technology in the exploitation of shale gas. Different from the conventional reservoirs, the mechanical characteristics of shale rock have significant heterogeneity due to the existence of beddings, which makes it difficult to predict the fracture geometry in the shale reservoir. Based on the laboratory experiments, the factors that affect fracture propagation were analyzed. The experimental results revealed that the hydraulic fracture would cross the beddings under the high vertical stress difference, while it would propagate along with the bedding under the low vertical stress difference; besides, the low injection rate and viscosity of the fracturing fluid were beneficial to generate a complex fracture network. Under the high injection rate and viscosity, a planar fracture was created, while a nonplanar fracture was observed under the low injection rate and viscosity, and branch fracture was created. According to the acoustic emission events, the shear events were the main events that occurred during the hydraulic fracturing process, and the acoustic emission events could be adopted to describe the fracture network. Lastly, the supercritical carbon dioxide fracturing was more effective compared with the hydraulic fracturing because the fracture network was more complex.
Introduction
Hydraulic fracturing has become an essential technology in the exploration of shale reservoir. Because of the existence of bedding planes and natural fractures, it is difficult to predict the fracture geometry in shale reservoir [1] [2] [3] [4] [5] [6] [7] [8] . However, it is of great importance to understand the fracture initiation and propagation mechanism in the vertical plane for estimating the stimulated reservoir volume.
The vertical heterogeneity of shale rock mechanics has been recognized as an important factor to affect the fracture propagation in the vertical direction. Some researchers [9] [10] [11] [12] [13] have studied the factors which affected the vertical propagation of the hydraulic fracture, which included the in situ stress, fluid viscosity, fluid flow rate, Young's mod-ulus, Poisson's ratio, beddings, natural fractures, and fracture toughness. In addition, the fracture geometry was also affected by the interaction between hydraulic fractures and beddings or natural fractures [14] [15] [16] . Some researchers have studied the fracture geometry when the hydraulic fracture came across the beddings or natural fractures. It was found that different types of interactions between hydraulic fractures and natural fractures were observed where the hydraulic fractures crossed and arrested, as well as opened and dilated, the natural fractures [17] [18] [19] . Liu et al. [20] studied the fracture propagation in fractured formation. They found that the hydraulic fracture crossed the preexisting fracture under high horizontal differential stress. Based on the laboratory experiment, Hou et al. [21] and Zhou et al. [22] found that the preexisting fractures near the wellbore could dramatically decrease the initiation and propagation pressure. Lee et al. [23] found that the approach angle had a great effect on the fracture propagation path. The flow rate and viscosity were also important parameters that affect the fracture propagation. Based on the laboratory experiment, it was demonstrated that the hydraulic fracture would cross the natural fracture under the high flow rate and viscosity, while the hydraulic fracture would deviate to the natural fracture under the low flow rate and viscosity. The numerical simulation was also an effective method to investigate the fracture propagation in fractured formation. Based on the finite element method, Guo et al. [15] investigated the relationship between horizontal differential stress and fracture propagation path based on numerical simulation. They found that a large approaching angle was a comparatively detrimental factor that negatively influences fracture network generation. Keshavarzi and Mohammadi [24] found that the natural fracture would divert hydraulic fractures at a low angle of approach, while the hydraulic fracture would cross the natural fracture at a high angle of approach. Jin [25] discussed the relationship between breakdown pressure and approach angle [26] .
From the literature review above, the fracture propagation mechanism in the vertical plane has not been understood. Most attention focused on the fracture propagation in the horizontal plane. In this paper, a true triaxial experiment was conducted to study the vertical propagation behavior of hydraulic fractures and analyze the multiple factors influencing the vertical propagation of hydraulic fractures followed the methods of Jin et al. [25, 26] . In addition, the acoustic emission monitoring system was used to monitor the hydraulic fracturing experiment. This research enhanced the understanding fracture propagation mechanism in the vertical plane, which also provided a reference for estimating the stimulated reservoir volume.
Experiment Description
2.1. Experimental Equipment and Sample. The true triaxial hydraulic fracturing simulation experiments were conducted with large-size shale cores to understand the vertical propagation of hydraulic fractures under different reservoir mechanical conditions and operating conditions. The experimental apparatus includes a triaxial hydraulic fracturing test system, acoustic emission monitoring system, and IPT4106D CT scanning system. The triaxial hydraulic fracturing test system is mainly composed of the triaxial model, stress loading system, constant pressure pump, electrical controlling system, data collection system, and auxiliary device. In this experiment, the prepared shale blocks are positioned in between the pressurized pistons in a true triaxial machine; the pistons are able to simulate the in situ stress conditions. The pressure platens are provided with foursquare sheets to ensure equal pressure distribution. Between the cubic model block and the pressure platen, a thin Teflon sheet was inserted which was covered on all sides with Vaseline. Vaseline was used to prevent the generation of shear stress between the pressure platens and the model block. Loading stresses that mimic the in situ stress field were applied to the specimen by using the confining pressure system. The maximum fracturing fluid injection rate and injection pressure of the constant pressure pump are 60 mL/min and 60 MPa, respectively.
In order to specify the location of rock failure, the acoustic emission monitoring system is used to monitor the hydraulic fracturing experiment. Acoustic emission is an experimental method for studying the internal state and mechanical properties of rocks by the elastic waves. During hydraulic fracturing, when the rock is damaged by the high pressure caused from the fluid, the stress concentration is formed around the original or newly formed fractures in the rock. The nonuniform distribution of local stress concentration areas results in radial elastic waves, which mainly include P-wave and S-wave. Then, the data acquisition system is used to receive and detect the acoustic signals, and the acoustic data is processed and calculated to obtain the specific location of the rock fracture. In the test, the number of acoustic emission is collected by a single channel, and the event of acoustic emission is judged according to the polarity of P-wave touching. When the acoustic emission source is a pure dilatant tensile fracture, the medium around the source will be squeezed and the probe will be connected; a compression waveform with P-wave touching polarity upward is received. When the source of acoustic emission is a pure compressive closed failure, the expansion of the surrounding medium produces compressive force on the source, and the probe receives a P-wave-driven downward expansion waveform. When shear-type failure occurs in the acoustic emission source, the medium part around the acoustic emission source is compressed and partly expands. The probe receives waveforms that produce different polarities. Therefore, it is defined that when more than 70% of the probes detect compressed waves, the AE event is defined as a tensional failure; when the AE event is less than 30%, it is defined as a closed failure; when the AE event is between 30% and 70%, it is a shear failure.
CT scanning is an effective method to understand the internal fracture morphology of rock samples. Compared with the CT scanning results, the accuracy of acoustic emission location results can be verified, and the influence of the original fractures on the expansion of hydraulic fractures can also be analyzed. The IPT4106D testing system can provide different CT scanning modes for different requirements and also provide a DR transmission scanning mode. It consists of six subsystems: ray source subsystem, linear array detector subsystem, surface array detector subsystem, and scanning device ( Figure 1 ).
Multistaged fracturing is often used in cased and perforation horizontal wells in shale reservoir. In the experiment, the size of the shale sample is 30 × 30 × 30 cm 3 . The vertical stress is perpendicular to the bedding planes, the maximum horizontal stress is along the perforation hole, and the minimum horizontal stress is parallel to the beddings. A deep counter bore with a length of 17 cm and a diameter of 5 cm is drilled parallel to the beddings. By using epoxy glue, a steel liquid injection tube with a length of 13 cm and a diameter of 3 cm was fixed, leaving an open hole section with a length 2 Geofluids of 4 cm in the bottom for fracture initiation. In order to reduce the influence of natural fractures or structural differences in cores on experiments, the cores used in the study all come from the same outcrop. Then, the large outcrop is cut along the bedding direction and perpendicular to the bedding direction. Then, a 20 mm diameter and 175 mm length borehole is drilled along the bedding direction to place a wellbore (steel tube) and simulate a horizontal wellbore. All steel pipes are of uniform size: 15 mm in outer diameter, 8 mm in inner diameter, and 125 mm in length. Using high-strength epoxy resin glue to bond steel pipe and borehole wall, a 50 mm open hole section is reserved at the bottom of the well. Under the action of high-pressure liquid, cracks will occur in the open hole section.
Experimental Design.
Some experiments were designed to understand the effect of changing parameters such as vertical stress difference, flow rate, and fracturing fluid viscosity on the vertical propagation of the hydraulic fracture.
In field practice, carbon dioxide fracturing fluid was also an ideal candidate to reduce the harm of fracturing fluid to reservoir formation, especially for the shale gas development. In the experimental design, the influence of carbon dioxide fracturing fluid on fracture propagation was also taken into consideration. The experimental schedule is show in Table 1 .
Experimental Procedures.
When the samples were prepared, the cubic model blocks were positioned in between the pressurized pistons in the true triaxial machine. Before the experiment, the samples were measured by the acoustic emission monitoring system and wave velocity data were recorded. Then, loading stresses that mimic the in situ stress field were applied to the specimen by using the confining pressure system. When the confining pressure reached a set value, a displacement pump applied the fluid pressure into the open hole section. When the fracturing fluid was injecting, the acoustic emission data was collected at the same time, and the type of acoustic emission event was judged by P-wave. After the experiments, the samples were opened along the fracture surface for observation.
Results and Analysis
3.1. Vertical Stress Difference. In this section, the vertical stress difference is defined as the difference between the overburden stress σ v and the minimum horizontal principal stress σ h . In order to understand the influence of vertical stress, three groups of experiments were designed with the vertical stress difference of 10 MPa (1#) and 6 MPa (2#). In addition, the number of AE events mainly focused on the initial stage. When the injection pressure stabilized, the AE events were reduced greatly. When the vertical stress difference was 10 MPa (Sample 1#), the peak pressure increased slightly from 17.3 MPa to 21.2 MPa, then balanced at about 6 MPa. What is more, the AE events increased significantly. 
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The results of acoustic emission are indicated in Figures 3 and 4. As shown in Figure 3 , the AE events mainly distributed near the wellbore, and the shear events were the main events. In addition, the AE events mainly occurred in the initial injection stage, then dispersedly distributed in the fracture propagation process. For the case that the vertical stress difference was 6 MPa (Figure 4 ), the number of AE events increased obviously.
As the sample after fracture demonstrated, a single fracture was created under the high vertical stress difference of 10 MPa (Figure 5(a) ); when the vertical stress difference decreased to 6 MPa, the hydraulic fracture interacted with bedding planes, and branch fractures were generated ( Figure 5(b) ). From the experimental results, it can be concluded that with the decrease of vertical stress difference, more branch fractures were created and beddings initiated. In addition, the acoustic emission events demonstrated that the shear events were the main events during the fracture initiation and propagation. The scale of the pictures is 3 : 2.
The Effect of Flow Rate.
Two experiments were carried out to investigate the influence of flow rate on fracture propagation. The injection flow rate of Experiment I (2#) was 20 mL/min, while the injection flow rate of Experiment II (3#) was 5 mL/min. When the flow rate was 20 mL/min ( Figure 6 ), the number of AE events reduced, which indicated rock failure occurred more frequently under the low flow rate. When the injection pressure climbed to 19.7 MPa, it dropped sharply to 6.5 MPa; after a period of fluctuation, it stabilized at 6.3 MPa. From the comparison of Sample 2# and Sample 3#, it can be concluded that the low flow rate can increase the AE events, which means that the low flow rate is beneficial for the generation of fracture initiation and propagation. As indicated in the distribution of AE events, the AE events of Sample 3# mainly occur in the middle of the core, while the AE events of Sample 2# are scattered throughout the core, which indicates that the low flow rate is more beneficial to create a complex fracture network compared with the high flow rate in shale formation.
As depicted in the interpretation of acoustic emission (Figure 7) , the shear event accounted for most acoustic emission events. In addition, the number of acoustic emission above the wellbore plane is significantly higher than below. When the sample was opened along the fracture surface, it was easily found that the hydraulic fractures were cut off by the bedding planes. As demonstrated in Figure 5 
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propagating when they came across the bedding plane. With the increase of the fluid pressure in the fracture, the fracture was initiated in the upper part of the sample. During the propagation process, the hydraulic fractures were cut off several times, according to the injection pressure and the acoustic emission interpretation.
The Effect of Viscosity.
In order to understand the effect of fracturing fluid viscosity on the fracture propagation, the two tests with different fracturing fluid viscosities were conducted.
The fracture fluid viscosity of Experiment I (2#) was 45 mPa•s, while the fracture fluid viscosity of Experiment II (4#) was 2.5 mPa•s. As vividly demonstrated in Figure 8 , the injection pressure curve experienced several fluctuations, then stabilized at about 6 MPa. The fluctuation of the injection pressure curve reflected the hydraulic fracture across the bedding planes. In addition, the acoustic emission events are also accompanied with pressure fluctuations.
The results of interpretation of acoustic emission ( Figure 9 ) indicated that the number of AE events increased greatly compared with Sample 2#. For the low fracturing fluid viscosity, the AE events were mainly concentrated in the vicinity of the wellbore; the tensile and shear events were sparse in other parts but almost all over the specimen. As indicated in Figure 5(d) , except for the main fracture propagated along the maximum horizontal principle stress, multiple fractures extended along the bedding planes; the complex fracture network was created close to the wellbore. From the experimental results, it can be concluded that the fracturing fluid with high viscosity can reduce the leak-off and shear events, which can reduce the fracture network complexity. The fracturing fluid with low viscosity had higher leak-off coefficient, which can reduce the shear strength of the beddings.
Supercritical Carbon Dioxide Fracturing.
In order to understand the influence of superficial carbon dioxide fracturing fluid on the fracture propagation, two experiments were set to compare the experimental results with linear glue and slick water fracturing fluid ( Figure 10 ): Group I: 
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Specimens 2# and 5#; Group II: Specimens 1# and 6#. Figures 11 and 12 show the injection pressure curve of Sample 5# and Sample 6#. As vividly indicated (Figure 11 ), the injection pressure of the whole injection process experienced an obvious pressure fluctuation. What is more, the pressure fluctuation is accompanied with the acoustic emission events. Under the low vertical stress difference, the number of acous-tic emission events increased obviously compared with Specimens 2# and 5#. In addition, two pressure peaks appeared during the injection process, and the pressure fluctuation occurred during this period. For Sample 6# (Figure 12 ), the frequency of pressure fluctuation was reduced compared with Sample 5# but was higher than Sample 1#. Under the high vertical stress difference, the number of AE events was reduced obviously compared with Sample 5# but was still higher than Sample 1#. The interpretation results of acoustic emission (Figures 13 and 14) indicated that the number of AE events increased dramatically when the superficial carbon dioxide fracturing fluid was adopted in the test. The shear events were the main accidents in the fracturing process ( Figure 15 ). With the vertical stress difference increase, the proportion of tensile event increased. When compared with Samples 2# and 5#, the acoustic emission events were more concentrated. Under the high vertical stress difference, the acoustic emission events were relatively dispersed.
Discussion
From the above experimental results, it can be concluded that the vertical stress difference was the dominant factor affecting the fracture propagation. Under the high vertical stress difference (Figure 16(a) ), the injection pressure curve Geofluids experienced less pressure fluctuation compared with the low vertical stress difference (Figure 16(b) ), which obviously reduced the frequency of acoustic emission events. As shown in Figure 16 (a), the bedding was not be activated. From the CT scanning, only a single fracture was created in the test. When the vertical stress difference was 6 MPa (Figure 16(b) ), it was obviously seen that the bedding plane was initiated and branch fractures were created. Under the low vertical stress difference, it was easier to generate a complex fracture network. The viscosity and injection rate of the fracturing fluid are important parameters which affect the generation of a complex fracture network. Under the vertical stress difference of 6 MPa, the fracturing fluid with low viscosity and low injection rate could easily leak into the beddings, which could enhance the possibility for interaction between propagators. The flow rate and viscosity were the controllable factors in the hydraulic fracturing field. From the experiments, the high flow rate and viscosity of fracturing fluid were beneficial to generate main fractures which could cross the beddings, while the low injection rate and viscosity of fracturing fluid could accelerate the leak-off of fracturing fluid to bedding planes, which could decrease the shear strength of rocks. According to Figure 10 , under the high flow rate and viscosity of fracturing fluid, a smooth hydraulic fracture was created ( Figure 10(b) ), while the branch fractures were created under the low injection rate (Figure 10(c) ); in addition, the hydraulic fracture surface created by the fracturing fluid with low viscosity was much rougher than that of low injection rate and high viscosity. As demonstrated in Figures 16(c) and 16(d) , the hydraulic fractures were more likely to deviate due to the reduction of shear strength.
Supercritical carbon dioxide fracturing was an innovative method applied in the fracturing practice. From the experiments, the fracture geometry under supercritical carbon dioxide fracturing was much more complex compared with that under hydraulic fracturing. Under the low vertical stress difference (Figure 17(a) ), more branch fractures were created under the vertical stress 6 MPa. From the CT scanning, the fracture network (Figure 18(a) ) was much more complicated than that of 10 MPa. When the vertical stress difference was 10 MPa (Figure 18(b) ), the fracture geometry was relatively simple, but the branch fractures could be seen clearly. The CT scanning also verified the result. Comparing Sample 1# with Sample 6#, Sample 2# with Sample# 5, it is found that supercritical carbon dioxide can form a more complex fracture network when compared with waterbased fracturing fluid. The main reason is that the viscosity of supercritical carbon dioxide is much less than that of water-based fracturing fluid, and the low viscosity of fracturing fluid is beneficial for the generation of a complex fracture network.
In addition, the proportion of the AE events also indicates that the shear failure is the main failure mode in shale formation. According to the AE event distribution in the previous section, it can be found that the shear events of Sample 1#, Sample 2#, Sample 3#, Sample 4, and Sample 5 are 65.8%, 67.2%, 77.4%, 82.1%, and 82.3%, while the tensile failure are 11.3%, 16.8%, 19.5%, 12.6%, and 11.2. It demonstrates that the shear failure is much easier to occur in formation.
Conclusion
The laboratory experiments are conducted to investigate the factors influencing the vertical extension of hydraulic fractures. In addition, the advantages of supercritical carbon dioxide fracturing are studied in this research. The main conclusions are listed as follows:
(1) Under high vertical stress, the main fractures are more likely to cross the bedding plane; a single fracture is created. The hydraulic fractures deviate to the beddings under the low vertical stress difference, which is beneficial to form a complex fracture network 11 Geofluids fracturing fluid. The influence of the flow rate and viscosity of the fracturing fluid on the vertical propagation of hydraulic fractures can be considered a combined effect. In the stimulation of shale reservoir, a mixed fracturing method is proposed that high viscosity is used to create a straight main fracture near the wellbore, then altered to a low viscous fluid combined with a low injection rate to generate a complex fracture network in the distance (3) Acoustic emission events accompany the fluctuation of injection pressure. During the initiation and extension of hydraulic fractures, the injection curve experiences a severe fluctuation, and the acoustic emission rate is relatively high; when the injection curve stabilized, the acoustic emission rate is relatively low. In addition, the shear events are the main acoustic emission events in the hydraulic fracturing process 
